A thermodynamic approach based on exergy use has been suggested as a measure for the use of resources in Life Cycle Assessment and other sustainability assessment methods. It is a relevant approach since it can capture energy resources, as well as metal ores and other materials that have a chemical exergy expressed in the same units. The aim of this paper is to illustrate the use of the thermodynamic approach in case studies and to compare the results with other approaches, and thus contribute to the discussion of how to measure resource use. The two case studies are the recycling of ferrous waste and the production and use of a laptop. The results show that the different methods produce strikingly different results when applied to case studies, which indicates the need to further discuss methods for assessing resource use. The study also demonstrates the feasibility of the thermodynamic approach. It identifies the importance of both energy resources, as well as metals. We argue that the thermodynamic approach is developed from a solid scientific basis and produces results that are relevant for decision-making. The exergy approach captures most resources that are considered important by other methods. Furthermore, the composition of the ores is shown to have an influence on the results. The thermodynamic approach could also be further developed for assessing a broader range of biotic and abiotic resources, including land and water.
Introduction
A more efficient utilization of resources, from, e.g., improved waste treatment, is an important part of a more circular economy, which is arguably a prerequisite for a sustainable society. Life Cycle Thinking (LCT) and Life Cycle Assessment (LCA) have received prominent positions in European waste policy, for example in the Waste Framework Directive, as an approach and tool, respectively, for assessing the environmental impacts and resource use associated with alternative waste management strategies [1] .
LCA is a tool to assess the potential environmental impacts and resources used throughout a product's life cycle, i.e., from raw material extraction, via production and use phases, to waste management [2] [3] [4] . The term "product" includes both goods and services, for example waste management. The unique feature of LCA is the focus on a life-cycle perspective. This implies that system boundaries should be so wide that inputs to the life-cycle system should be resources as we find them in nature, and outputs should be emissions to nature.
1.
The impact of the present use of resources is modeled as that of the future use of resources. The rationale for this approach is that the current use of non-renewable resources implies that more effort (e.g., energy) to extract the same amount will be required by future generations, assuming that ore grades decrease with greater extraction, and that technology remains the same. Alternatively, we can adopt other resources that substitute for the ones being assessed as proxies, so that current impacts can be measured in terms of the future impacts. This has been the basis for several LCIA methods for resources, for example Eco-indicator 99 [11] and ReCiPe [12] . However, it has been argued that if current resource use leads to changes in the environmental interventions of future extractions, this should be modeled in the Inventory Analysis, and not in the LCIA [2, 13] .
2.
There are methods related to some measure of available resources or reserves and extraction rates. Different approaches exist based on different measures of the reserves, e.g., technically and economically available reserves [14] or ultimately available reserves, as in the CML approach [15, 16] , and extraction rates. For example, the CML approach uses antimonium (Sb) as the reference of resource extraction rate-to-reserve ratio, such that:
where [15] :
ADPi Abiotic Depletion Potential of resource i (dimensionless); R i ultimate reserve of resource i (kg); DR i extraction rate of resource i`kg¨y´1Ȓ sb ultimate reserve of antimonium (i.e., the reference resource (kg)); D sb extraction rate of antimonium R sb (i.e., the reference resource`kg¨y´1˘q. There are thermodynamic methods based on exergy decrease or entropy increase. Exergy is a measure of available energy. Entropy can be interpreted in many ways, e.g., as a measure of disorder but also as a measure for the dispersal of energy. In contrast to energy, exergy is destroyed in all real world processes as entropy is produced [17] . The exergy decrease and the entropy increase mirror each other. Methods and data based on this approach have been developed for LCA [18] [19] [20] [21] [22] [23] . The exergy content of the resources can be assumed to be used through incineration, other chemical reactions and dissipation [18] . Although it may be claimed that all the approaches rely on thermodynamics, this group will be called the thermodynamic approach in this paper.
4.
The last approach is the aggregation of the total use of energy as in the Cumulative Energy Demand (CED) [24] .
All LCIA methods across all approaches above have in common that they result in characterization factors CF i that can be used for calculating the indicator for the use of abiotic resources according to Equation (2) (e.g., [3, 9] ):
where I is the indicator result and m i is the use of the abiotic resource i in the system under study. The aim of this paper is to contribute to the discussion on different approaches to measure the use of abiotic natural resources (such as non-renewable fuels and mineral resources) in LCA and other methods. This is done by illustrating the application of the thermodynamic approach to case studies, and by comparing the results with other approaches. The focus is on the thermodynamic approach which is discussed in more detail.
Materials and Methods
Two case studies were chosen to illustrate the use of different methods: one on the recycling of ferrous waste and one on the production and use of a laptop computer. Since one purpose of recycling is to save resources, a simple recycling case was chosen to see if the methods would capture this concern. A laptop was chosen to illustrate a more complex product, which includes many different types of metals and plastics made from fossil fuels, and which uses significant amounts of electricity during the use phase. For both cases, data were taken from the Ecoinvent database [25] as implemented in the SimaPro software (Pré, Amersfoort, the Netherlands, www.pre.nl).
Ferrous Waste Recycling
This case is based on the Ecoinvent 2 dataset "Steel, electric, un-and low-alloyed, at plant/RER" [26] with the addition of avoided virgin production (1 kg of steel, low-alloyed per every 1.1 kg of material recycled), with removal of steel scrap input. Direct use of electricity has been replaced by the Swedish electricity mix [27] . The system studied represents an average of different processes of secondary steel production with EU technology and includes transportation of scrap metal and other input materials to the electric arc furnace, steel-making process and casting.
Production and Use of a Laptop
The case is based on the Ecoinvent 2 dataset "Use, computer, laptop, office use/RER" [28] . The system studied includes laptop production and disposal, transportation to the user and energy consumption during use, the latter considered over a lifespan of four years and taking into account different use modes for office use. The functional unit of the assessment was 1 laptop.
The process for laptop production includes raw material extraction and processing, manufacturing of all components, energy and water use required for various processes, transportation for input materials (ship, rail and road), packaging, final disposal of the laptop, and infrastructure required (factory). The dataset is global and describes the manufacturing of a typical laptop computer during the years [2002] [2003] [2004] [2005] . The final disposal is represented by a mixture of manual and mechanical WEEE treatment in Switzerland. The benefit of material recovery is not accounted for. Rail and road transportation is used for the delivery to a user. For the use phase Swedish electricity is used [27] . The office use is calculated according to the share between active (5.5 h/day), standby (2 h/day) and off (16.5 h/day) modes.
Characterization Methods
Two versions of the thermodynamic approach were applied here. The first is called Exergy F & Ö, where the exergy data were taken from [18] . These data were calculated from information on the chemical composition of the material, the basic thermodynamic data and the reference state developed by Szargut et al. [29] which is made to be similar to the natural environment, including common components of the atmosphere, sea and crust of the earth. For fossil fuels, the exergy is close to the lower heating value. For metals, the whole metal ore was considered as an input to the technical system in line with the life-cycle approach [18] . The second version of the thermodynamic approach was the Cumulative Exergy Demand (CExD) method [19] , which uses other data for the ore compositions (see below) and an updated version of the reference state including, for example, more recent data on concentrations of trace elements in sea water (the reader is referred to the references for more details). De Meester et al. [30] have shown that an updated reference state in most cases has only a minor influence on the results. For some specific minerals, the differences can, however, be larger.
In addition, several other often-used LCIA methods were included, e.g., Cumulative Energy Demand (CEnD), CML, Eco-indicator 99 and ReCiPe for minerals and fossil fuels, all as implemented in Simapro. All of these are intended to be used as methods for characterization of the use of abiotic resources in LCA and are in that sense comparable. Although different terms may be used in the literature when describing the methods (e.g., resource use, resource consumption or resource depletion), they are intended and used for this same purpose. All use information about the used amounts of the abiotic resources from the LCIA. The system boundaries for the Ecoindicator 99 and ReCiPe methods are expanded compared to the other methods since they include also future resource extraction. This is because information on impacts from future resource extraction is used for the indicator on the impacts of the current resource use. The methods also differ in the age of underlying data (the readers are referred to the specific methods for details). It is, however, likely that the difference in age has a minor influence in the comparisons since the differences in approaches are large and large parts of the data (e.g., on thermodynamic properties) are not expected to change significantly with time. Many of them are also used on a routine basis by LCA practitioners.
Results and Discussion
The results for ferrous recycling are presented in Table 1 and Figure 1 . The results are in most cases negative, indicating that recycling saves resources. The exception is uranium, which is used for the production of nuclear power. The results thus show that although the total use of abiotic resources decreases, the electricity use is increased.
The results for the production and use of a laptop are presented in Table 2 and Figure 2 . Table 1 . Characterization of most important non-renewable resources for ferrous recycling in percentage of the total result (only resources that contribute to more than 1% of total result according to at least one method are included; "0" means less than 0.1% and n/a means that no characterization factor for this input was available).
Resources Exergy F & Ö CExD CEnD CML Eco-Indicator 99 ReCiPe Mineral ReCiPe Fossil Fuels
Coal´46´64´88´88´6 n/a´84 Gas´3´5´8´5´9 n/a´8 Oil´4´7´9´6´10 n/a´9 U 2 3 4 0 n/a 0 n/a Ni´48´15 n/a´0.1´70´20 n/a Mo n/a´2 n/a´0.1´1´3 n/a Fe´2´9 n/a 0´2´25 n/a Mn n/a´0.3 n/a 0´0.2´35 n/a Cr´0.1´0. 5 n/a 0´1´16 n/a laptop in percentage of the total result (only resources that contribute to more than 1% of total result according to at least one method are included; "0" means less than 0.1% and n/a means that no characterization factor for this input was available). Table 2 . Characterization of most important non-renewable resources for production and use of a laptop in percentage of the total result (only resources that contribute to more than 1% of total result according to at least one method are included; "0" means less than 0.1% and n/a means that no characterization factor for this input was available). For metals, the Exergy F & Ö and CExD methods give different results. The Exergy F & Ö method gives higher results than CExD for some metals (e.g., Ni in the case of ferrous recycling and Au in the laptop case). This is because the two methods have modeled the metal ores in different ways. The Exergy F & Ö method has data for sulphidic ores for some metals (copper, gold and nickel) with a high chemical exergy whereas the CExD method uses a generic average ore matrix with a lower chemical exergy. The exergy of the generic ore used in the CExD method [19] was the average of the ores in [18] . It can therefore be argued that the ore composition adopted in the Exergy F & Ö method is more specific and relevant for the metal in question. On the other hand, the ore-generic data may be considered more generally applicable. The ore-specific data used in the Exergy F & Ö method can possibly be compared with site-dependent data, which is sometimes used in LCIA (cf. [2] ). However, both methods are consistent in identifying the same metals as being the most important ones. This is partly in contrast to the Ecoindicator 99 and ReCiPe methods, which highlight other metals, partly because of data gaps. It also interesting to note that U is highlighted in the laptop case by the CEnD, CExD and the Exergy F & Ö methods, but hardly at all by the other methods.
Since different methods produce different answers, it is important to discuss and evaluate different approaches. Important questions then are: How can a choice be made between different methods and when is a specific method more adequate? Unfortunately, there is no simple way of determining this. There is no method by which it can be shown that one characterization method is the "correct" one (cf. [31] ). Instead, theoretical reasoning must be applied and underlying assumptions should be discussed. Examples of questions that can be raised include: Is the problem defined in a relevant way? Does the quantification method adequately and reliably quantify the contribution to the problem? Are there any logical contradictions? Does the method produce reasonable results and can we in any sense judge which results are reasonable? The Exergy F & Ö method and CExD give similar results for traditional energy resources, but partly different results for metals. The CEnD naturally only gives results for energy resources, and the CML method gives the result that energy resources are, in practice, the most important resources, especially in the case of ferrous recycling. Conversely, Eco-indicator 99 suggests that metals are more important than energy resources in this case. The Exergy F & Ö and CExD methods give weight to both energy and metal resources.
For metals, the Exergy F & Ö and CExD methods give different results. The Exergy F & Ö method gives higher results than CExD for some metals (e.g., Ni in the case of ferrous recycling and Au in the laptop case). This is because the two methods have modeled the metal ores in different ways. The Exergy F & Ö method has data for sulphidic ores for some metals (copper, gold and nickel) with a high chemical exergy whereas the CExD method uses a generic average ore matrix with a lower chemical exergy. The exergy of the generic ore used in the CExD method [19] was the average of the ores in [18] . It can therefore be argued that the ore composition adopted in the Exergy F & Ö method is more specific and relevant for the metal in question. On the other hand, the ore-generic data may be considered more generally applicable. The ore-specific data used in the Exergy F & Ö method can possibly be compared with site-dependent data, which is sometimes used in LCIA (cf. [2] ). However, both methods are consistent in identifying the same metals as being the most important ones. This is partly in contrast to the Ecoindicator 99 and ReCiPe methods, which highlight other metals, partly because of data gaps. It also interesting to note that U is highlighted in the laptop case by the CEnD, CExD and the Exergy F & Ö methods, but hardly at all by the other methods.
Since different methods produce different answers, it is important to discuss and evaluate different approaches. Important questions then are: How can a choice be made between different methods and when is a specific method more adequate? Unfortunately, there is no simple way of determining this. There is no method by which it can be shown that one characterization method is the "correct" one (cf. [31] ). Instead, theoretical reasoning must be applied and underlying assumptions should be discussed. Examples of questions that can be raised include: Is the problem defined in a relevant way? Does the quantification method adequately and reliably quantify the contribution to the problem? Are there any logical contradictions? Does the method produce reasonable results and can we in any sense judge which results are reasonable?
In the thermodynamic approach, resource use is measured in terms of exergy use (indicated by the exergy content of the resources) or entropy production. Several ways of thinking can lead to the conclusion that exergy is a relevant measure:
‚
The energetic argument claims that useful energy (i.e., exergy) is the ultimate limiting and scarce resource because every material resource has an energy cost associated with extracting it, which limits its scale [32] . Given sufficient amounts, a society can divert exergy, within the current technical possibilities, to the acquisition of whatever material that is in short supply. Exergy, rather than energy, is used in this context since consideration is given to the quality of the energy (i.e., the ability to do work) as well as the chemical exergy of traditionally non-energetic raw materials [18] . As ore grades become lower, more exergy will be needed to extract the resource. This is for two reasons. One is because more energy is needed to extract larger amounts of ore (which will have lower grade/concentrations of the resource). The other one is because the amount of chemical exergy that comes with the ore will increase (assuming a constant amount of exergy per kg of ore) since more ore will be needed to produce a certain product.
The usability argument starts with the question: When we discuss resource depletion or consumption, what is actually depleted or consumed? [18] . It is neither matter, since matter cannot be destroyed or consumed (except for nuclear reactions), nor energy. A reasonable answer may be that it is the usable energy and matter that is consumed and depleted and transformed to less usable energy and matter. This happens in all real world processes. It could therefore be relevant to have the use of usable energy and matter as an indicator for resource consumption. A measure of useful energy is exergy. For a material to be useful it must normally be ordered, i.e., structured and concentrated. A well-known scientific measure that is often interpreted as a measure of the disorder of a system is entropy. If a material is to be useful, it must normally have lower entropy than the surroundings, here defined as the reference state. This implies that the material is structured and concentrated, i.e., has a higher order. An example is an ore which has a higher concentration and typically a lower entropy than the average crust defined in the reference state used in the methods applied here. Another example is fresh water which has lower entropy than seawater (which is part of the reference state). Societies and technical systems can be described as systems feeding on low-entropy matter and energy and converting them into high-entropy matter and energy. The entropy production may therefore be considered a relevant measure of resource consumption (cf. [33] ). Since entropy is increased as exergy is decreased according to Ek 3 (where δE is the decrease of exergy, T 0 is the temperature of the surroundings and Σ∆S is the sum of the entropy increased), exergy can be used instead of entropy [29] .
‚ The reversibility argument starts with the assumption that a relevant measure of resource consumption may be the costs required to restore the resource. The exergy of a resource is the theoretical minimum energy required to produce this resource from the defined reference state. It may thus be seen as measure of the minimum costs associated with the resource.
Are the results provided by the thermodynamic method reasonable? When applied in practice, it can be noted that the thermodynamic approach as used here can highlight both energetic resources (both fossil fuels and nuclear fuels) as well as metal resources. This is in contrast to some of the other methods which either only include energetic or metal resources (such as ReCiPe) or in practice highlight only one of them (such as the CML method) or have significant data gaps (such as Ecoindicator). We believe that that is an indication that the results are relevant to decision-makers and useful. This is because both energy and metal resources are on the policy agenda. The method can thus provide support for decision-making when, for example, different products using different types of resources are compared.
However, despite exergy being a feature that is common to both energy and non-energy resources, it is limited in capturing the scarcity of a material, as no indication of abundance and extraction rates of the material is included therein (e.g., [5, 10] ). Instead the thermodynamic approach is based on the assumption that different resources can substitute for each other and that the limited and scarce resource is exergy. So instead of capturing the scarcity of materials, it is focused on the scarcity of exergy. This is relevant since physical scarcity of materials can be overcome with exergy. If there is enough exergy, materials can be extracted from low-grade ores and seawater.
The thermodynamic approach (or the other methods discussed here) does, however, not capture all resource aspects that are on the political agenda. For example, geopolitical aspects, which are a part of resource criticality assessments (e.g., [34] ), are not included. However, there is currently no common and clear picture of how to describe the problem of resource use and which aspects should be included and valued (cf. [35] ). Since different methods for the characterization of abiotic resources capture different aspects, they can also be seen as complementary.
The thermodynamic approach can be further developed. Different types of metal ores have different exergies [18] and the databases should therefore be improved to reflect this variability. This is especially relevant if changing ore grades also leads to changes in the composition of the ores. This is the case for many metals typically found in sulphide ores at higher ore grades (e.g., copper), but in oxide ores at lower ore grades with corresponding changes in the exergy of the ore [18] . The possibilities of using exergy consumption not only as measure of abiotic resources but also for other types of resources such as biotic resources, water and land [20] is also an interesting development. This could involve further complexities related, for example, to time for replenishing fund resources, local scarcity of water, etc. The advantage is, however, the possibility to integrate different types of resources in a common framework.
Although characterization methods for the use of abiotic resources have been discussed extensively, there are only a limited number of published studies where comparisons including the thermodynamic approach were made (notable exceptions include [6] [7] [8] but these were limited in different ways). The comparisons made have also focused on the Cad data [19] and not the Exergy F & Ö data [18] , although we show here that they can give different results. Since different case studies illustrate different aspects, new learnings can be made and further studies would be useful. In addition to showing the differences between alternative methods, the case studies here illustrate that the thermodynamic approach can show the importance of both energy and material resources, and that the two datasets used here give similar but not identical results illustrating the importance of the ore composition.
LCA and exergy analysis can be linked in many ways, (cf. [21] ). Here, the focus has been on exergy as measure of resource use in the characterization part of the LCIA. In a number of case studies (e.g., [36] [37] [38] ), exergy analysis is used as a characterization method or as a method for broadening LCA [39] . It can be used in these ways for both attributional (or accounting) LCA, as well as consequential LCA (cf. [2] ). Others have suggested that LCA and exergy analysis complement each other (e.g., [40] [41] [42] [43] . Exergy analysis can also be used as a stand-alone assessment tool, e.g., [29, [44] [45] [46] [47] , or linked to other environmental systems analysis tools, such as Strategic Environmental Assessment [48] , besides its use as an engineering tool for analyzing and optimizing different types of processes [29, 49] . This non-exhaustive list indicates that the applications of exergy analysis are numerous and that it is an established method in many areas. It could therefore also be used with confidence as a characterization method in LCA.
Conclusions
There are a number of different methods available for characterizing non-renewable resources and they give strikingly different results. The thermodynamic approach is developed from a solid scientific basis and it is currently operational with, for example, the CExD method with an extensive database. The approach is used by different groups and it produces relevant results. It can be noted that it captures most abiotic resources that are considered important by other methods. For the case studies on the recycling of ferrous waste and the production and use of a laptop, both energy resources and metals are of importance. Results for the thermodynamic approach depend on the composition of the ore; more ore-specific data should be developed and their importance evaluated (in parallel to site-specific data for emissions and impacts). Possibilities for using thermodynamic data for other resources (renewable materials and energy, water and land) should also be explored further.
Revisiting the questions raised above, we draw the conclusions that the thermodynamic approach used here is developed from an established scientific basis, based on a discussion on why exergy is a relevant measure. It is relevant as an indicator both for resource use and resource depletion since it is a measure of something that is actually consumed. We also argue that the results are relevant for decision-making. The calculations can be made in a reliable way and the data necessary is robust and time-independent, except for the composition of the ores which may change with time as the ore grades and types of ores used change.
